Two simple equations with sea surface temperature and total primary production as independent variables were used to estimate ratios of new or export production to total primary production (ef-ratios) in the ocean. Both equations assume that ef-ratios are negatively correlated with temperature in a linear manner and positively correlated with total primary production in a curvilinear manner characteristic of a Holling type II function. The two equations were parameterized based on different sets of field data: in one case entirely from estimates of new production based on nitrate uptake, and in the other case based on a comprehensive summary of new and export production estimates derived from a combination of techniques. Estimates of global export production based on satellite observations and use of the two equations were 9-13 Gt C per year. The form of both equations likely captures the principal effects of temperature and total production on ef-ratios, and their mathematical simplicity should facilitate their prognostic application in climate change research and studies of the ocean's carbon cycle.
In 1979, Eppley and Peterson published a seminal paper in which they proposed that the ratio of new to total photosynthetic production sensu Dugdale and Goering (1967) was directly proportional to total production for total production less than 200 gC m -2 y -1 and equal to a more-or-less constant value of 0.5 at higher total production rates. The calculations were based on the average assimilation rates of 15 N-labeled nitrate and ammonium at six locations: the central North Pacific, the eastern Mediterranean, the Southern California bight, the eastern Tropical Pacific, the Costa Rica Dome, and the Peruvian upwelling system. During the subsequent 20 years, a number of studies (Duarte and Cebrian 1996; Harrison et al. 1987; Karl et al. 1996; Platt et al. 1989; Rivkin et al. 1996; Vezina 1994) suggested that the relationship between new and total production was more complex than suggested by the Eppley-Peterson model. Based on a stability analysis of planktonic food webs, Laws et al. (2000) concluded that in steady state systems the ratio of new to total primary production would be negatively correlated with temperature and discovered that 86% of the variance in the ratio of new to total production calculated from field data collected during the time of the Joint Global Ocean Flux Study (Sarmiento and Armstrong 1997) could be explained by an ordinary least squares regression versus temperature. Eppley and Peterson (1979) characterized the ratio of new to total photosynthetic production as the f-ratio, whereas Murray et al (1996) used the term e-ratio for the ratio of particulate organic carbon export from the euphotic zone to total primary production. Because new production should balance export production in a steady-state system, Laws et al. (2000) used the term ef-ratio to characterize the ratio of new or export production to total photosynthetic production in their steady state model. In the following discussion we will use the term ef-ratio to underscore the fact that we are assuming steady state conditions or, in some cases, using data derived from a mix of new and export production measurements.
For many years, it has been apparent that there are a number of methodological issues associated with the measurement of new and export production. Eppley and Peterson (1979) , for example, equated new production to the uptake of nitrate and estimated total production from the uptake of nitrate and ammonium plus a correction for uptake of other forms of nitrogen, primarily urea. It is now generally recognized, however, that a substantial amount of nitrification may occur in the euphotic zone (Raimbault et al. 1999; Tian et al. 2000) , with the result that new production based on nitrate uptake may overestimate global new production by as much as a factor of two (Yool et al. 2007 ). On the other hand, nitrogen fixation is now believed to account for a significant fraction of new production in some parts of the ocean (Karl et al. 1997; Letelier and Karl 1996; Orcutt et al. 2001) but was ignored by Eppley and Peterson (1979, Fig. 2 ), who assumed, based on understanding at that time (Carpenter and McCarthy 1975; Mague et al. 1977) , that the contribution of nitrogen fixation to new production was small. Export production has typically been quantified from the flux of particles into sediment traps (Betzer et al. 1984; Elskens et al. 2008; Knauer et al. 1990; Lohrenz et al. 1992; Michaels et al. 1994; Suess 1980 ), but such studies ignore export associated with zooplankton vertical migration (Steinberg et al. 2000) and advection and/or diffusion of dissolved organic carbon (Avril 2002; Carlson et al. 2010; Hansell et al. 2002; Miquel et al. 1994) , which in some parts of the ocean may be greater than the flux of particulate organic carbon (Carlson et al. 1994) . Finally, the dynamic nature of marine ecosystems means that at many times and places, new and export production are almost certainly not in balance over the timeframe of typical field measurements (Laws 2004) .
Despite the experimental noise associated with these and other methodological issues, accumulating evidence indicates that ef-ratios are significantly influenced by both temperature and total production (Dunne et al. 2005 ) and because both temperature and total production can be estimated from satellite observations (Behrenfeld and Falkowski 1997a; Behrenfeld and Falkowski 1997b) , it would be useful to be able to relate these two parameters to ef-ratios. What is lacking at this time is a simple algorithm for calculating ef-ratios from temperature and total production.
Materials and procedures
Examination of the ef-ratio contours in Fig. 2 of Laws et al. (2000) reveals that the ef-ratios are approximately hyperbolic functions of total production, as postulated by Eppley and Peterson (1979) , but with an asymptote that is negatively correlated with temperature. We therefore postulated that a function of the form (1) might give a good description of the behavior of ef-ratios as a function of temperature (T) and total production (tp). By fitting this function to a combined dataset consisting of the eleven ef-ratios summarized in Table 3 of Laws et al. (2000) and to data from 20 of the stations summarized by Dunne et al. (2005) where new production was estimated from the uptake of 15 N-labeled nitrate, we obtained the following equation: (2) where T is temperature in degrees Celsius and tp is total production in mg C m -2 d -1
. Equation 2 accounts for 87% of the variance in the observed ef-ratios (Fig. 1) .
Recently, Dunne et al. (2005) have summarized more than 120 measurements of total and export production from a wide range of oceanic habitats. The data are based on as many as 29 to as few as one measurement and include habitats ranging from the deep sea to coastal shelves, Monterey Bay, and Chesapeake Bay. To maximize global coverage, Dunne et al. (2005, p. 2) included "data from estimates of 'new' (NO 3 -based) production, nutrient, oxygen or carbon based estimates of export production, and particle export estimates based on sinking flux from sediment traps and/or 234 Th." We have characterized the data as ef-ratios, with the obvious caveat that the data are derived from a mixed bag of measurements. Despite the not surprising amount of scatter in the data ( Fig. 2A) , there is an obvious tendency for the maximum ef-ratio and the variance of the ef-ratios to be negatively correlated with temperature. The variance of the ef-ratios in the temperature range 0°-10°C, for example, is more than five times greater than the variance of the ef-ratios in the temperature range 20°-30°C. To stabilize the variances, we divided all ef-ratios by the maximum ef-ratio (ef max ) estimated from the straight line in Fig. 2A , which was chosen to minimize the differences in ef-ratio variances as a function of temperature. We excluded from further analysis the two data points that lie above the straight line in Fig. 2A . These data appear to be outliers and come from a single observation during IronEx II and two observations made during the summer in the coastal waters of the East China Sea. We refer to these normalized ef-ratios as relative ef-ratios or ref-ratios sensu Goldman (1980) . The ref-ratios vary consistently from a low of ~0.1 to a high of ~0.9 across the temperature range 0°-30°C (Fig. 2B) .
To filter out the noise in the ref-ratios, we binned the data based on the associated rates of total production, 0-240, 240-720, 720-1800, 1800-2880, and 2880-8000 mgC m -2 d -1 . The wider bins at higher tp rates reflect the density of the data; 75% of the tp values are less than 1100 mgC m -2 d -1
. A plot of the median ref-ratio versus the median tp in each bin has the characteristic shape of a Holling type II function (Holling 1959 ) and is very accurately described by a power function with tp raised to the 0.307 power (Fig. 3A) . The equation relating the ef-ratio to temperature and total production therefore becomes (3) Logically, Eq. 3 implies that new or export production (nep) divided by ef max (0.78-0.43T/30) should scale as total production raised to the ~1.3 power. This is indeed the case (Fig. 3B) .
Assessment
Ocean net primary productivity (NPP) was determined from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) 
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ocean color satellite data using the Vertically Generalized Production model (VGPM) of Behrenfeld and Falkowski (1997a) . Ocean NPP based on the standard VGPM utilizes satellite SeaWiFS chlorophyll, Advanced Very High Resolution Radiometer (AVHRR) sea surface temperature (SST), and SeaWiFS photosynthetically active radiation (PAR) and is available for download from the ocean productivity site at Oregon State University (http://orca.science.oregonstate.edu). Monthly NPP at 9 km spatial resolution along with National Oceanic and Atmospheric Administration (NOAA) AVHRR SST data for the period October 1997 to September 1998 were obtained, and monthly and seasonal ef-ratios calculated using Eqs. 2 (Fig. 4 ) and 3. Equation 2 predicts that ef = 0 at T = 35.5°C. In applying Eq. 2, we assumed that ef = 0 in the few cases where T was greater than 35.5°C. The fraction of NPP exported from the surface or export production was calculated from the estimated monthly ef-ratios and NPP for the global ocean (Fig. 5A ) and for the various ocean basins using the Rutgers (http://marine.rutgers.edu/opp/Mask/MASK1.html) (Fig. 5B ) and NOAA masks (http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NODC/.W OA05/.Masks/.basin). The Rutgers mask defines the Antarctic basin to be > 40°S, whereas for the NOAA mask it is > 50°S, thus allowing for comparisons of export estimates to other studies that use either of these boundaries. Further, the 1°  1°s patial resolution NOAA mask has better satellite retrievals in the Arctic, whereas the Rutgers mask (9 km  9 km or 1°  1°s patial resolution) has better overall retrievals along the margins and smaller water bodies such as the Mediterranean (Table 1) . Results of export production and average ef-ratios for the six ocean basins and the global ocean (with and without mask) for the period October 1997 to September 1998 are shown in Table 1 . Global export production estimates at 1°  1° spatial resolution without mask was about 4% higher than with mask (sum of ocean basins) with values from the Rutgers mask being slightly higher than the NOAA mask. Further, higher estimates of export production of 13.24 and 9.23 Gt C/y obtained for the global ocean from Eqs. 2 and 3, respectively, with the higher 1/6°  1/6° spatial resolution satellite data can be attributed to better retrievals at the coastal margins. These retrievals represent 27% and 19% for Eqs. 2 and 3, respectively, of the global 12-month NPP (48.2 Gt C/y). These figures decrease to 25.7% and 17.9%, respectively, for the sum of basins in the Rutgers mask. Although the global export pro- . B: Relationship between tp and the ratio of new or export production to efmax. The straight line is a geometric mean regression to the log-transformed data and has a slope of 1.4. duction of 12.40 Gt C/y from the Rutgers basin mask are close to that of the Laws et al. 2000 estimate obtained from the PTE model, the two are not comparable as the global NPP for the same 12-mo period was 52.1 Gt C, an ~8% difference from the present estimate attributable to more accurate reprocessing of the SeaWiFS data (SeaWiFS.r2010 reprocessing).
Discussion
Satellite-derived global ef-ratios estimated from Eq. 2 for the fall 1997, winter, spring, and summer of 1998 indicate largest seasonal variations in ef-ratios at high latitudes. Large variations are observed in the Southern Ocean in the austral summer (Fig. 4B) and the Arctic and sub-Arctic regions during spring and summer (Fig. 4C, D) . Elevated values are also observed in coastal upwelling regions, whereas the oligotrophic gyres exhibit the lowest ef-ratios. Overall, estimates of ef-ratios for the various basins and the global ocean were lower for Eq. 3 than Eq. 2 with corresponding lower estimates of export production ( Table 1) . The annual export production between Oct 1997 and Sep 1998 (Fig. 5A ) derived from the mean global ef-ratios and NPP also indicates high export production at high latitudes, with lowest values in the oligotrophic gyres. Elevated export production is also observed in productive upwelling regions such as the Peru and the Benguela Current systems. Satellite estimates of export production using Eqs. 2 and 3 are easy to implement in comparison to estimates using the PTE model of Laws et al. 2000 , which requires the use of two-dimensional interpolation from a look-up table. The annual and seasonal estimates of export production derived from Eq. 3 were lower than those from Eq. 2 (Table 1 ; Fig. 6 ) with a general trend of increasing export production from winter to spring and summer that can be attributed to a large increase in export production in the high northern latitudes. Seasonal trends in export production using Eqs. 2 and 3 also show similar patterns for the various oceanic basins (Fig. 7) . However, the relative contributions from the various basins vary seasonally, with largest inverse variability as expected for the Arctic and Antarctic basins. Differences in export production between the two masks and for the two equations are observed especially for the Antarctic basin. In the Rutgers mask, the Antarctic shows higher export production than the Pacific basin in fall and winter for Eq. 2 but not for Eq. 3, whereas for the NOAA mask export production is higher for the Pacific as expected, with similar trends for Eqs. 2 and 3 and lower values for Eq. 3 (not shown) indicating a more realistic picture than the Rutgers mask. 
Comments and recommendations
The generally higher ef-ratios and export production values calculated using Eq. 2 versus Eq. 3 undoubtedly reflect the fact that the former is derived entirely from estimates of new production based on nitrate uptake. To the extent that nitrification occurs within the euphotic zone, this will clearly be an upper bound on new production (Yool et al. 2007 ). Equation 3, on the other hand, is derived from a mixed bag of new and export production measurements, and in the case of the sediment trap data, fluxes associated with dissolved organic carbon and vertical migration have obviously not been included. The point of this communication is not to argue that either Eq. 2 or 3 is the right equation to estimate ef-ratios but rather to argue that the general form of Eqs. 2 and 3 is probably a good characterization of the effects of temperature and total production on ef-ratios. In other words, ef-ratios are negatively correlated with SST in a more-or-less linear manner, and ef-ratios are positively correlated with total production in a curvilinear manner characteristic of a Holling type II relationship. As more accurate estimates of new production, net community production, and export production become available from field data, tuning of simple relationships such as Eqs. 2
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Fig. 7.
A: Seasonal (fall 1997; winter, spring, and summer 1998) export production derived using Eq. 2. B. Seasonal (fall 1997; winter, spring, and summer 1998) export production derived using Eq. 3 for the different oceanic basins of the Rutgers mask. and 3 should provide more informed estimates of ef-ratios and, very importantly, facilitate the assessment of projected changes in SST on the oceans biological pump.
